Abstract-Individuals with cerebral palsy have neurological deficits that may interfere with motor function and lead to abnormal walking patterns. It is important to know the joint moment generated by the patient's muscles during walking in order to assist the suboptimal gait patterns. In this paper, we describe a practical strategy for estimating the internal moment of a knee joint from surface electromyography (sEMG) and knee joint angle measurements. This strategy requires only isokinetic knee flexion and extension tests to obtain a relationship between the sEMG and the knee internal moment, and it does not necessitate comprehensive laboratory calibration, which typically requires a 3-D motion capture system and ground reaction force plates. Four estimation models were considered based on different assumptions about the functions of the relevant muscles during the isokinetic tests and the stance phase of walking. The performance of the four models was evaluated by comparing the estimated moments with the gold standard internal moment calculated from inverse dynamics. 
muscle coordination. The reported worldwide prevalence of CP ranges from 1.6 to 3.3 per 1000 people [4] [5] [6] [7] . There are approximately 764,000 people with CP in the United States [8] . Related research has shown that the characteristics of CP are muscle imbalance, contractures, spasticity, and abnormal muscle activation patterns such as excessive cocontraction and decreased muscle force [9] [10] [11] [12] . As a consequence, individuals with CP typically have limited active motion and abnormal gait patterns [13] . In particular, the difference in the knee joint moment between typical development (TD) and CP is greater than that of other joint moments during gait [14] , and this deficit is the major cause of a common abnormal gait pattern referred to as "crouch gait."
Wearable robotic devices can potentially assist crouch gait. In the literature, many control methods proposed for robot-assisted locomotion rely on joint moment feedback [15] [16] [17] [18] [19] [20] [21] . To estimate the moment needed for these controllers, it is useful to know the joint internal moment. Robotic devices that use surface electromyography (sEMG) signals can calculate joint internal moments for assistance by the robot [18] [19] [20] [21] because sEMG signals provide information of individual muscles' activation level [22] .
Standard gait analysis methods using joint kinematics and sEMG have been used to estimate the joint moment of the lower limb in individuals with TD [23] [24] [25] [26] and CP [27] [28] [29] [30] . Delp et al. analyzed joint moment and muscle contributions during TD [25] and CP [28] [29] [30] gait cycles using a 3-D musculoskeletal model. The authors investigated the roles and the capacities of the lower limb muscles in stiff-knee gait or crouch gait. Other musculoskeletal models have also estimated the joint kinetics in lower limbs with a correlation coefficient of greater than 0.72 and a mean error of less than 0.28 Nm/kg, which are considered acceptable [23] , [24] .
However, there are difficulties in applying estimation methods to gait analysis [23] [24] [25] [26] , [28] [29] [30] in the daily living environment. First, estimation methods require accurate calibration that requires the ground reaction force (GRF) to be measured in addition to kinematic data, and this is only possible in laboratories equipped with a 3-D motion capture system and 6 DOF force plates. Because the users have to recalibrate every time they put the sEMG sensors on due to the variation in attachment of sensors, they must come to the laboratory and calibrate whenever the sensors are attached to their body. Second, it is practically challenging to obtain an accurate calibration with assistive devices (e.g., a cane or a walker) being used during the calibration procedures. However, many children with CP cannot stand or walk without them or other type of external assistance. It is also technically difficult to get clear GRFs/torques for individuals with small step lengths.
Many joint moment estimation methods that do not require laboratory calibration have appeared in the literature, including machine learning models [21] , [31] , [32] , biomechanical muscle models [19] , [33] , [34] , and multiple linear regression models [1] [2] [3] , [18] , [35] , [36] . The learning models match sEMG signals and the moments with supervised training algorithms, and the muscle models denote the contraction behaviors of the individual skeletal muscles. The regression models assume that the joint moments are generated by the contraction of agonist muscles only, similar to one of the suggested methods in this paper. However, there is a paucity of data regarding the application of these methods to individuals with CP. Because the muscle activation patterns in CP are different from TD [37] , the estimation methods developed for TD may not perform successfully in the CP population.
In addition, the learning models may be time consuming to collect a sufficient number of training data sets to prevent poor performance on tasks outside those defined by the training sets. The muscle models require an identification procedure for the physical parameters of the muscles. The regression models, on the other hand, are practical in that they can minimize the time-consuming calibration process and they are simpler than more complex models that would only provide a slight gain in accuracy.
In this paper, we present and compare the validity of four methods of estimating the knee internal moment from sEMG measurements. In particular, this paper highlights how the abnormal coactivation in CP influences the appropriate choice of estimation method. Previous regression method [1] [2] [3] , [18] , [35] , [36] , validated by TD but not CP, was also tested and compared to the new models proposed in this paper.
The sEMG signals from the thigh muscles and the knee joint angle were used to estimate the knee internal moment in the sagittal plane. This strategy requires active isokinetic knee flexion and extension tests performed within the device, which takes less than 1 min after setup and does not require laboratory calibration. The performance of these four methods was tested in six children with CP.
II. METHODS
Since we aim at calibrating sEMG-moment relationship without laboratory equipment but using simple wearable devices, calibration has to be performed at tasks that do not involve ground contact. Nonweight bearing isokinetic tests were performed to collect data for calibrating sEMG-moment relationship. A preconfigured commercial dynamometer was used instead of an exoskeleton assuming that typical wearable devices can perform the same isokinetic tasks. After calibration, the accuracy of the sEMG-moment relationship was validated at walking task. The estimated knee moment was compared to the gold standard measurement by the laboratory equipment. 
A. Experimental Protocol and Study Participants
We completed the following protocol. 1) The participants sat on a dynamometer (Biodex System 3, Biodex Medical System, Inc., Shirley, NY) with their lower limb secured to it. Two sEMG electrodes (model 243, Noraxon, Scottsdale, AZ) were attached to the thigh muscles (rectus femoris and biceps femoris). As shown in Fig. 1 (a), participants were instructed to extend and flex their knee on the dynamometer as fast as they could, while the dynamometer moved at a constant velocity (30 • /s). The knee angle limits were set to the maximum passive range of motion of each participant. If the participant could extend their knee to 0
• in the reclined posture, the extension boundary was set to 0
• ; otherwise, the maximum extension boundary was regarded as full extension. Only a single trial of isokinetic flexion and extension was performed because a single contraction was able to calibrate the dependency of the joint angle on the EMG-moment relationship [3] . 2) A custom 6 DOF marker set was attached to the lower extremity of each participant. Four retroreflective markers placed on the pelvis (anterior superior iliac spines and posterior superior iliac spines) were used to predict the hip joint center [38] . Medial and lateral knee and ankle markers were placed for the static standing trial to define the joint axes. Clusters of four markers were used to track the lower extremity segments during the walking trials. Single markers were placed on the feet between the second and third metatarsal head, on the heel and on the lateral foot. Each participant was then instructed to walk three times at a self-selected speed without any assistive device [see Fig. 1(b) ]. A 10-camera motion capture system (Vicon Motion Systems, Oxford, U.K.) was used to collect 3-D motion data with synchronized kinetic data from three embedded force platforms (AMTI, Watertown, MA). SEMG signals from the thigh muscles were simultaneously collected using a wireless sEMG system (Trigno Wireless, Delsys, Boston, MA). We recruited six children with a diagnosis of CP (two males and four females, 12.7 ± 2.9 years old) who were classified as gross motor function classification system (GMFCS) levels I-III (see Table I ). P1, P3, P4, P5, and P6 had some instability, but they did not use assistive devices in their daily activities or while walking during the test. P2 (GMFCS level III) used a cane for daily life but was able to walk without a cane during the walking test. The protocol was approved by the Institutional Review Board at the National Institutes of Health. Written informed consent and assent were obtained from all of the parents of the participants. Data from the most affected side of each participant were analyzed.
B. Isokinetic Knee Flexion and Extension Movements
The lower limb and the dynamometer were regarded as a mechanical system represented by the following dynamic equation [39] :
where I denotes the total inertia around the joint, andθ denotes the angular acceleration of the knee joint, respectively.
where M knee,measured represents the moment measured by the dynamometer, M knee,internal represents the knee internal moment created by the involved muscles, and M gravity represents the moment due to the gravity. In (1),θ is zero when the knee flexes or extends at a constant angular velocity (isokinetic movement) or at zero angular velocity (isometric movement). The gravity moment at every joint angle (M gravity (θ)) can be calculated from a static gravity measurement at a certain joint angle; therefore, the moment exerted by the involved muscles M knee,internal can be directly calculated from the sensor measurement M knee,measured [39] . We chose isokinetic movements to measure the internal moment corresponding to the knee angle range because it is known that sEMG signals are related to the moment as a function of knee angle [1] .
During the isokinetic movements, sEMG signals were collected at a sampling frequency of 1000 Hz and the knee moment and angle were simultaneously recorded using the dynamometer. Motion artifacts in the sEMG signals were removed by highpass filtering at 20 Hz. The mean absolute values (MAV) of the sEMG signals [40] were extracted from sliding time windows of 200 ms at every 10 ms. The 200 ms duration of the window was chosen empirically and the adjacent windows were overlapped by 10 ms to allow for reasonable continuity in the extracted feature. The moment and angle of the knee were downsampled every 10 ms to synchronize with the MAV. The dynamometer was locked to keep the position at the starting and terminating angles, and the angular velocity was not constant near the angular boundary. The knee angle and moment data and the processed sEMG signals (i.e., the MAV) were extracted from the constant angular velocity period.
C. EMG-Moment Relationship Models
Many muscles of the musculoskeletal system work in pairs called agonists and antagonists, and each muscle contraction force produces a net moment around a joint, which is formed by the combination of the agonistic and antagonistic moments. We tested four different estimation models for constructing relevant EMG-moment relationships using two criteria. The first criterion was whether or not cocontraction was considered when calculating the agonistic and antagonistic gains of the sEMGmoment relationship from the isokinetic tests. The second criterion ascertained whether the roles of the agonist muscles and antagonist muscles were clearly differentiated between the flexion and extension phases of the knee during the stance phase of gait (see Fig. 2 ). Models 1, 2, and 4 are original models proposed by the current study, whereas model 3 is similar to the methods in related literature [1] [2] [3] , [18] , [35] , [36] .
1) Estimation Model 1:
The quadriceps and the hamstring muscles play major roles related to knee flexion and extension. The hamstring is an agonist when the knee is flexed, and the quadriceps is an agonist in the opposite case. We assumed that the roles of the agonist and antagonist during each of isokinetic tests are performed by the quadriceps and the hamstring muscles, respectively, if the muscles cocontract during the isokinetic test. From this assumption, we derived the following two equations from the knee internal moment and the sEMG signals during isokinetic flexion and extension movements:
where M ext and M flx represent the knee moment during knee extension and flexion, respectively, K agon,ext and K antag,ext denote the gains for the agonist and antagonist moments during extension, respectively, and K agon,flx and K antag,flx denote the gains for the agonist and antagonist moments during flexion, respectively. EMG quadriceps,ext and EMG hamstring,ext represent the MAV from the rectus femoris and biceps femoris during knee extension, respectively, and EMG quadriceps,flx and EMG hamstring,flx represent the MAV from the same muscles during flexion; the subscript i indicates the ith time step.
To obtain a gain matrix, a pseudoinverse matrix of sEMG signals is multiplied by the moment, as shown in (4) and (5) . For calculating pseudoinverse matrix, the Moore-Penrose pseudoinverse was applied. From the measured knee moment and the sEMG signals collected during the knee flexion and extension tests, the gain matrix was computed at every time step. We identified the dependency of the gain matrix on the knee angle (θ) using a quadratic least-squares fitting technique; therefore, the gain matrices have a second-order polynomial form as a function of the angle (θ).
By assuming that each muscle frequently alternates between the roles of agonist and antagonist or cocontracts throughout the gait cycle, it may be difficult to classify the agonistic and antagonistic roles, but the gains of the agonist and antagonist from each isokinetic test can be added; finally, the total knee internal moment can be estimated using the sEMG signals and the computed gains. Equation (6) is the final form of estimation model 1.
2) Estimation Model 2:
We assumed that the muscles cocontract during isokinetic tests, as in model 1. Although the gain matrices can be obtained from (4) and (5) under this assumption (the first criterion), it was also assumed that the gains of the agonist and antagonist from each of the isokinetic tests can be used separately according to the movement direction (i.e., flexion and extension) because the gains from each of the isokinetic flexion and extension tests are calculated separately. The movement direction is the same as the sign of the joint angular velocity, and thus, (2) and (3) can be used separately, as in the following equation:
EMG quadriceps,flx (i) EMG hamstring,flx (i) (θ < 0).
3) Estimation Model 3: If the contribution of the agonistic muscle is dominant and the activation of the antagonistic muscle is weak during knee flexion and extension movements, the terms for the antagonist in (2) and (3) can be neglected, as in the following (8) and (9):
M flx (i) = K agon,flx (θ(i))EMG hamstring,flx (i).
As with model 1, it is possible to assume that each muscle frequently alternates between the roles of agonist and antagonist or cocontracts throughout the gait cycle. Consequently, the gains of the agonist and antagonist from each of the isokinetic tests can be added in the same way as they are added in (6)
4) Estimation Model 4:
Similar to model 3, it can be assumed that the quadriceps and hamstring muscles only have an agonistic role for each of isokinetic tests if the contraction of the agonistic muscle dominates the knee joint moment during the isokinetic tests, and (8) and (9) can be used. In addition, based on the second assumption of model 2, the gains of the agonist and antagonist from each of the isokinetic tests can be used separately according to the movement direction, as in the following equation:
A schematic outline of the practical EMG-moment estimation model is shown in Fig. 3 . We entered the data from the isokinetic tests into the four estimation models to obtain the gains. Each gain as a function of joint angle was fitted to a quadratic polynomial.
D. Validation
To validate the feasibility of our four models of EMGmoment relationships, we used the gold standard of gait analysis, which is based on the inverse dynamics model. The inverse dynamics model yields the joint moment computation during the stance phase of a gait using lower limb kinematics, the GRF, and the anthropometric data for each subject. During the walking test, the motion capture system and the force platforms collected the kinematic data and the GRF were recorded at a sampling frequency of 120 Hz. The moment computed by the gait analysis was used as the reference moment.
During the test, sEMG signals were simultaneously recorded at a sampling frequency of 1080 Hz and scaled by a preamplification ratio due to the use of different electrodes. The MAV were extracted from sliding time windows of 180 ms every 9 ms. Subsequently, the knee internal moment was estimated using the kinematic data and the MAV via the four suggested models. The reference and estimated moments were normalized by body weight. The performance of our strategy was then evaluated by calculating the normalized root-mean-squared error (NRMSE) and the Pearson's correlation coefficient (R) between the moments for each model [41] . The NRMSE indicates the relative closeness between the estimated and reference moments with respect to the reference moment ranges, whereas R indicates the strength of the linear relationship between the estimated and reference moments.
III. RESULTS
The NRMSE and the R of each method are shown in Table II. Figs. 4 and 5 illustrate the representative patterns of the estimated moments and the reference moments during the stance phase for P3 and P4, respectively. In the left and middle rows of Figs. 4 and 5, the blue solid line indicates the average of the reference moment computed by inverse dynamics, and the dark gray dotted line indicates the average of the estimated moment. Each shaded area represents the standard deviation from three walking trials. In the case of the best performance, the estimated moment was similar to the reference moment, and they were consistent with the quantitative evaluation indices.
In cases of P1 and P4, estimation model 3 provided the best performance for moment estimation, whereas model 1 provided the best performance for the other subjects. In cases of P6, model 3 provided larger NRMSE than other models even though model 3 also provide the highest R value; thus, we regarded model 1 as the best model for P6.
The NRMSE ranged from 0.15 to 0.29, and the R ranged from 0.71 to 0.93 in the best cases. Compared to the results of previous study (NRMSE: 0.07-0.29) [2] , which referred the error range as "reasonable good estimate," and considering the high R value, we conclude that the proposed method is able to estimate knee joint moment acceptably. In Figs. 4 and 5, the moment estimated by models 2 and 4 shows a steep rising and falling slope; these models switch the muscle roles according to the movement direction (flexion and extension), at which point an entirely different relationship equation is used. The steep slope occurs at the switching time.
IV. DISCUSSION
To find optimal estimation strategy, we tested four models, which assumed different EMG-moment relationships in the isokinetic tests (calibrating task) and the stance phase of walking (target task). Two criteria were considered to differentiate whether the agonistic and antagonistic muscles were clearly separated during the stance phase of walking, and whether or not agonistic and antagonistic muscles cocontracted in each of the calibrating and the target tasks, respectively.
It was observed that the quadriceps and hamstring muscles were activated regardless of knee flexion and extension during the stance phase of walking, and the performance of estimation models 1 and 3 was better than that of models 2 and 4. Therefore, during the stance phase of walking, it can be inferred that the models that do not separate flexion and extension phases [(6) and (10)] should be used. Moreover, models 2 and 4 showed a steep rising and falling slope due to the switching of the sEMG-moment relationship, indicating that this switching cannot reconstruct relevant sEMG-moment relationships.
Muscle cocontraction is the simultaneous activation of agonistic and antagonistic muscle groups crossing the same joint and the same plane [11] . This activation pattern can efficiently increase joint stability and improve movement accuracy, but excessive muscle cocontraction in individuals with CP causes impaired movement [9] . It is known that children with CP commonly use cocontraction across different tasks [11] ; however, cocontraction during the calibrating task for the sEMGmoment relationships has not been considered. We used estimation model 1 to consider the existence of cocontraction during the isokinetic tests, whereas previous methods [1] [2] [3] , [18] , [35] , [36] that are similar to model 3 did not consider the cocontraction during the calibrating tasks. In model 1, four gains represent the contributions of the agonist and antagonist muscles to the flexion and extension moments in (2) and (3), and adding the gains of the agonist and antagonist implies that the rectus femoris and biceps femoris muscles exert agonistic and antagonistic moments simultaneously. To investigate the influence of the antagonistic gains, the cocontraction ratio (CCR) [11] of the rectus femoris and biceps femoris muscles during stance phase of walking and flexion/extension of isokinetic tests was calculated (see Fig. 6 ). The reported CCR of the quadriceps and hamstring in individuals with CP during isometric contraction was greater than 0.28, whereas that in TD was smaller than 0.17 [42] . Based on this criterion, subjects P2, P3, P5, and P6 showed greater CCR (>0.28) during the isokinetic tests and the stance phase of walking. For these subjects, model 1 resulted in better performance by considering cocontraction during the calibrating task. For the other subjects (P1 and P4), the CCR was smaller (<0.13), and model 3, which does not consider cocontraction during the calibrating task, showed better performance than model 1. These results indicate that the CCR during calibration tests can be an important index for finding optimal estimation strategy.
The proposed estimation methods would not be as accurate as the comprehensive gait analysis using the 3-D musculoskeletal model, which has allowed researchers to simulate the roles and the capacities of the lower limb muscles in individuals with CP [27] [28] [29] [30] . The estimation gains might not hold across nonweight bearing tasks and weight bearing tasks. The best way to obtain the parameters in walking task would be to calibrate during the same task or similar tasks (e.g., squatting). These tasks require laboratory equipment, which is not available in the home environment. For a simple and practical strategy, the current study selected nonweight bearing task as an alternative solution and improved the accuracy by proposing various models depending on subject-specific CCRs.
There is a tradeoff between simplicity of calibration and accuracy of modeling the sEMG-moment relationship. Muscle length is a major contributor to force production [43] , and we assumed that muscle length was correlated to joint angle to take the length-moment dependency into account. Muscle force is also dependent on velocity [43] , therefore, performing the calibration at multiple angular velocities may improve the accuracy of estimating the gain matrices. Since the patient will need to perform a calibration each time they put on a device, the isokinetic test was performed only at one constant velocity (30 • /s) to keep the calibration procedure simple. The estimation result was still acceptable compared to the previous studies on healthy volunteers [1] [2] [3] . However, future work should focus on tuning the gain to match nonconstant angular velocities that occur during walking, by calibrating at multiple velocities, and evaluating the effect of the introduction of velocity dependency into the proposed models.
The participants in our study had various degrees of motor ability (GMFCS levels I-III); the sEMG signals, the knee angle, and the knee moment patterns of each participant during the stance phase were different (see Fig. 7 ), and the CCR also differed by tasks within the same participant (see Fig. 6 ). Therefore, more differentiated models that include other subject-specific characteristics such as knee angle range may further enhance the estimation performance.
SEMG patterns can be changed by physical interaction between a subject and an exoskeleton, such as overreaction of a subject against assistance by an exoskeleton [19] , which could cause the estimated moments to be no longer valid. Therefore, when the proposed strategy is applied to the assistive devices in home environment, the influence of physical interaction on sEMG patterns should be investigated in future.
V. CONCLUSION
Knee internal moment calculation typically requires a 3-D motion capture system and GRF measurements, thereby restricting its applicability to assessments performed in gait laboratories. For individuals with CP, we proposed a practical strategy for estimating the knee internal moment from the sEMG signals and knee joint angle measurements instead of the typical kinetic analysis (using the motion capture system and GRF measurements). Our strategy requires only isokinetic knee flexion Fig. 7 . SEMG, knee joint angle, and knee internal moment patterns of each participant during the stance phase; each shaded area represents the standard deviation from three walking trials.
and extension tests to obtain a relationship between the sEMG signals and the knee internal moment. The knee moments estimated by the four different models assumed different roles of the relevant muscles during the isokinetic tests and the stance phase of walking. The moments estimated by each of the four models were compared with the internal moments calculated from the kinetic analysis (using the motion capture system and GRF measurements).
Our investigation highlights that the model with the optimal performance can be determined by measuring CCR during the calibrating tasks because individuals with CP generally show excessive cocontraction and indistinct muscle roles as opposed to TD. If the CCRs during the calibration tasks are relatively large, model 1 that incorporates both agonistic and antagonistic muscles into the regression model results in more accurate estimation. Otherwise, the model considering only agonistic muscle showed better accuracy.
This paper provides a simple and effective solution for building sEMG-moment relationship so that the calibration can be performed easily in the home environment.
